The ability of synthetic jets to form large mean recirculation zones in a crossflow is investigated using numerical simulations. It has been suggested that this so-called virtual aeroshaping effect is one mechanism through which synthetic jets affect separation reduction. Here the interaction of a two-dimensional synthetic jet with a flat-plate Blasius boundary layer is simulated and we examine the effect that key flow parameters have on the formation of these mean recirculation zones. The current simulations also suggest a simple scaling for this effect which could prove useful in the design and deployment of these devices.
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The synthetic jet has emerged as a versatile microactuator with potential applications ranging from separation [1] [2] [3] and turbulence, 4 control to thrust vectoring, 5 and augmentation of heat transfer and mixing. 6 Among all these applications, the use of these devices for active control of separation has been studied quite extensively, and in a number of experimental studies, [1] [2] [3] it has been demonstrated that synthetic jets can indeed reduce the extent of separation over bluff as well as streamlined bodies. Despite these successful demonstrations, it is fair to state that the physical mechanisms through which synthetic jets accomplish this reduction in separation are not completely understood.
Separation over an airfoil is typically an unsteady process that is accompanied by the formation of large-scale vortex structures in the separated shear layer. 7 The characteristic frequency of formation of these vortex structures is O(U ϱ /L s ) where L s is the length of the separation zone and U ϱ the freestream velocity. There is broad consensus 1,8 that synthetic jets operating in this frequency range tend to promote and amplify the formation of the vortex structures in the separation region. These vortex structures entrain high momentum, freestream fluid into the separated flow region and this promotes the early reattachment of the separated boundary layer. In the case where the boundary layer is laminar at separation, synthetic jets operating at much higher frequencies could also lead to earlier transition in the boundary layer. Since a turbulent boundary layer is more resistant to separation, earlier transition to turbulence can delay the separation. Both of the above mechanisms are not unique to synthetic jets but have indeed been well known in the context of active separation control for quite some time. 7, 9, 10 In addition to these two mechanisms, the unique characteristics of the flow produced by a synthetic jet interacting with a crossflow have also led researchers to suggest other flow features/mechanisms that might play a role in separation reduction in flows where these actuators are employed. One of these is the so-called ''virtual aeroshaping'' effect. It has been suggested 1,11 that due to the zero net mass flux constraint, synthetic jets are capable of forming recirculation bubbles in the mean external flow and these can be significantly larger in size than the jet orifice/slot size. It has further been suggested that these large bubbles effectively modify the shape of the body, consequently altering the pressure gradient and the extent of separation. This capability of synthetic jets is extremely desirable since it would potentially allow for ''on-demand'' virtual morphing of the wing section.
However, two issues have to be addressed in order to put our understanding of this virtual aeroshaping effect on a firm footing. First, although previous studies have hypothesized the presence of large mean recirculation bubbles in these flows, conclusive evidence that such bubbles actually exist has not been readily available. Second, even if the formation of these recirculation bubbles can be confirmed, it remains to be clearly demonstrated how separation reduction can be attributed to this feature. Valuable effort in both these issues has recently been made by Honohan et al. 12 who have studied the formation and effect of such bubbles in flow past streamlined and bluff bodies. The current Brief Communication addresses the first issue, namely, confirming the pres-ence of such features and establishing the conditions required for their formation. In doing so, a simple scaling law is extracted that relates the size of the mean recirculation bubble to the characteristics of the flow.
The virtual aeroshaping effect is examined here through numerical simulations. A relatively simple, two-dimensional model of a synthetic jet interacting with an external flow is employed. The model is shown in Fig. 1 and consists of a synthetic jet with a rectangular cavity ͑of width W and height H͒ flush mounted beneath a flat plate. The bottom boundary of the jet cavity is a moving boundary in the computation and is intended to accurately mimic the motion of the vibrating diaphragm. The vertical motion of the diaphragm is given by Y (x,t)ϭA(x)sin(t) where is the angular frequency of the diaphragm motion and A(x) its mode shape. In the current simulations, a mode shape corresponding to the fundamental mode of a membrane clamped at both ends is employed. The slot through which the flow is ingested and expelled has width d and height h.
The numerical solver employed here is described in detail in Ye et al. 13 and Udaykumar et al. 14 This solver simulates incompressible, viscous, unsteady flow in domains with complex, immersed, moving boundaries on a stationary Cartesian mesh. The spatial discretization is based on a finitevolume method which employs a second-order accurate, central-difference scheme and a second-order accurate, fractional step method is used for advancing the equations in time. The tracking of the moving boundary on the stationary, nonconformal Cartesian mesh is accomplished through the use of an Eulerian-Lagrangian approach in conjunction with special compact interpolation functions that allow for the imposition of the boundary conditions on the immersed boundary. For further details on the numerical methodology including validation and accuracy tests, the reader is referred to the two papers mentioned above.
With regard to the external flow, the computational domain has to be truncated to a finite extent in all directions and appropriate boundary conditions applied at these computational boundaries. For the external crossflow, a canonical Blasius flat-plate boundary layer profile ͑with freestream velocity U ϱ , boundary layer thickness ␦ and momentum thickness ͒ is imposed at the left inlet boundary. Thus, here we examine the interaction of a synthetic jet with a laminar, flat-plate boundary layer. The right boundary of the domain is the exit boundary and a nonreflective boundary condition 15 is employed here which allows vortical structures to convect out of this boundary with minimal reflections. At the top boundary, homogeneous Neumann velocity and pressure boundary conditions are employed and these allow the freestream to adjust to the presence of the synthetic jet without any spurious restrictions. This choice of boundary conditions coupled with the use of a relatively large (80d ϫ100d) computational domain ensures that the results are relatively insensitive to the domain size. This is demonstrated conclusively by recomputing the flow with a different domain size.
A nonuniform Cartesian grid is employed in the current simulations wherein the region around the jet slot is provided with the finest resolution and the grid is stretched slowly in all directions in the external flow domain. The lips of the slot are effectively rounded with a radius of ⌬/2 where ⌬ is the local grid spacing. All results presented here are on a dense 600ϫ220 mesh for which the grid spacing in the region around the slot is 0.05d. This mesh was chosen after a careful grid refinement study wherein the highest Reynolds number computation in the current study ͑Re ␦ ϭ400; see definition below͒ was recomputed on a mesh with 50% higher resolution in the vicinity of the slot than the nominal 600 ϫ220 mesh. Comparison of the results ͑see and Re ␦ ϭU ϱ ␦/v is the Reynolds number based on the boundary layer thickness ␦ and crossflow velocity U ϱ . Instead of the boundary layer thickness, one can choose the momentum thickness as the characteristic length scale for the external boundary layer. However, since for the Blasius boundary layer, the ratio between the boundary layer and momentum thickness is a constant (␦/Ϸ7.53), 16 the results can always be recast in terms of either length scales. In the above expressions, V J is the mean jet expulsion velocity, i.e., jet velocity averaged over slot width d and the expulsion phase of the cycle. Thus, even this relatively simple flow configuration has a large parameter space which makes a comprehensive analysis of this flow configuration quite difficult. Our previous computations 17, 18 have indicated that the external flow is only marginally affected by the parameters (W/H) and (d/h) and therefore, in the current study, these parameters were fixed at values of 5 and 1, respectively. In order to further limit the scope of the study, the Stokes number has been fixed at a value of 10. The remaining three parameters have been varied in the current study and the impact of varying these parameters on the virtual aeroshaping effect examined. In the current study, V J /U ϱ is varied between 0. cases presented here is simulated until it reaches a stationary state and statistics accumulated over a number of cycles beyond this time.
It should be pointed out that the investigation of Honohan et al. 12 suggests that the jet frequency plays an important role in the formation of the recirculation zone. In their experiments the Stokes number was varied from about 7 to 20 and quasisteady recirculation bubbles found for Stokes number greater than about 10. In these experiments, Re ␦ and ␦/d
were kept fixed and only V J /U ϱ and Stokes number S were varied. In the current study, only S is kept constant and therefore our results can be considered complementary to those of Honohan et al. 12 Figure 2 shows a spanwise vorticity plot corresponding to the ␦/dϭ5 case with V J /U ϱ ϭ3.75 and Re ␦ ϭ250 at a phase in the cycle where there jet expulsion velocity is maximum and this plot shows the typical evolution of the vortex dipole in the presence of an external crossflow. The mean velocity for all cases has been computed and in Fig. 3 , the streamlines corresponding to this mean velocity field are shown for three selected cases. Figures 3͑a͒ and 3͑b͒ both correspond to cases with ␦/dϭ5 but the mean jet velocity V J /U ϱ is equal to 1.25 and 5 for these two cases, respectively. It can be seen that for V J /U ϱ ϭ1.25, only a small recirculation bubble is formed in the vicinity of the jet slot. In contrast, with the higher jet velocity, a bubble which is significantly larger than the jet width is formed. The length of the recirculation zone is determined by examining the variation of the mean wall shear stress on the flat plate downstream of the jet and extracting from this, the location where the separation streamline attaches to the flat plate. Employing this procedure, the length of the recirculation zone (L r ) measured from the center of the slot for this highest jet velocity case is determined to be 35d or 7␦.
A second series of simulations have been carried out where ␦/d and Re ␦ are fixed at values of 2 and 250, respectively, and V J /U ϱ varied systematically from 0.5 to 2.0. Figure 3͑c͒ shows the streamline pattern corresponding to the mean velocity for the highest relative velocity jet in this series. For this case, the length of the recirculation zone (L r ) measured from the center of the slot is about 13d or 6.5␦. Finally, all of the above simulations were carried out at a fixed boundary layer Reynolds number of 250. Thus, in order to examine the variation of the flow with this parameter also, one more case with Re ␦ ϭ400, ␦/dϭ2, and V J /U ϱ ϭ1.25 has been simulated. For this case, the length of the recirculation bubble is found to be about 4d. Thus clearly, the ability of the synthetic jet to create large mean recirculation bubbles depends on the jet velocity relative to the external flow velocity. However, the above series of simulations also show that the thickness of the boundary layer relative to the slot width has a significant impact on the bubble size. One of the main objectives here is to extract a scaling law that would relate the bubble size to the parameters of the flow. In order to accomplish this we have taken guidance from the previous study of Balachandar et al. 19 who studied the properties of the mean separation bubbles that form on the leeward side of bluff bodies. By balancing the forces on the fluid inside the mean recirculation region, they found that among other factors, the Reynolds stresses on the boundary of the bubble plays an important role in determining the size of the bubble. Furthermore, our preliminary simulations suggested that the bubble length increases with the jet momentum flux ͑which is effectively the vertical Reynolds normal stress at the lower boundary of the bubble͒ and decreases with increasing streamwise momentum flux of the boundary layer. Motivated by all of these considerations, it was decided to explore the scaling of the bubble size with the quantity C ϭV J 2 d/U ϱ 2 that can be considered to be the ratio of 
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the jet momentum flux to the momentum flux associated with the external crossflow. Similar parameters have also been employed in the past in the context of active separation control 1,8 but have not specifically been related to the virtualaeroshaping effect. Figure 4 shows log(L r /d) plotted against log(C ) for the nine separate cases simulated here. In addition, for the case with the largest bubble ͓corresponding to Fig. 3͑b͔͒ , the result of a simulation carried out on an external computational domain which is three times larger in each direction is also presented. Finally, for the highest Reynolds number case (Re ␦ ϭ400) an additional simulation has also been carried out with a grid that has 50% higher resolution in the vicinity of the slot than the nominal mesh. Results of both these simulations show insignificant differences from the corresponding simulations carried out on the nominal domain and mesh, thereby demonstrating the adequacy of the chosen domain size and grid resolution. A least-squares linear fit has also been performed for the entire data and the slope of the line is determined to be 1.03. This provides strong indication that within at least the range of parameters investigated here, the normalized bubble length grows linearly with the momentum coefficient C as defined above.
Thus the current study not only provides a clear demonstration of the ability of synthetic jets to form large mean recirculation bubbles, but also provides some insight into the physical process governing this formation process, i.e., the exchange of momentum between the jet and the external flow. Finally, the simple computational model employed here also gives some indication as to the regime where synthetic jets would have to operate in, in order to create large mean recirculation bubbles. The current study does not include effects such as three dimensionality, turbulence, compressibility, and pressure gradients in the external flow, all of which might have a modulating effect on the ability of the synthetic jets to form these mean recirculation bubbles. These effects need to be studied in the future using experiments and simulations.
